The effect of salinity on the antioxidative system of root mitochondria and peroxisomes of a cultivated tomato Lycopersicon esculentum (Lem) and its wild salt-tolerant related species L. pennellii (Lpa) was studied. Salt stress induced oxidative stress in Lem mitochondria, as indicated by the increased levels of lipid peroxidation and H 2 O 2 . These changes were associated with decreased activities of superoxide dismutase (SOD) and guaiacol peroxidases (POD) and contents of ascorbate (ASC) and glutathione (GSH). By contrast, in mitochondria of salt-treated Lpa plants both H 2 O 2 and lipid peroxidation levels decreased while the levels of ASC and GSH and activities of SOD, several isoforms of ascorbate peroxidase (APX), and POD increased. Similarly to mitochondria, peroxisomes isolated from roots of salt-treated Lpa plants exhibited also decreased levels of lipid peroxidation and H 2 O 2 and increased SOD, ascorbate peroxidase (APX), and catalase (CAT) activities. In spite of the fact that salt stress decreased activities of antioxidant enzymes in Lem peroxisome, oxidative stress was not evident in these organelles.
Introduction
Plant roots are directly exposed to biotic and abiotic stresses which are known to induce oxidative stress. Among the abiotic stresses, salinity and drought are the most sever factors limiting plant productivity (Boyer, 1982; Pitman and La Èuchli, 2002) . Plants are equipped with an array of non-enzymic scavengers and antioxidant enzymes that act in concert to alleviate cellular damage under oxidative stress conditions (for a review see Foyer and Noctor, 2000) . Superoxide dismutase (SOD) reacts with the superoxide radical at almost diffusion-limited rates to produce H 2 O 2 (Scandalios, 1997) . Root mitochondria, like those of leaves (Mùller, 2001; del Rio et al., 2003) , contain MnSOD (Malecka et al., 2001) . H 2 O 2 , produced by SOD and some oxidases, is scavenged by peroxidases, especially ascorbate peroxidase (APX), and catalase (CAT). CAT has been found predominantly in leaf peroxisomes where it functions chie¯y to remove H 2 O 2 formed in photorespiration or in b-oxidation of fatty acids in the glyoxysomes (Dat et al., 2000) . However, CAT activity was also found in the roots Shalata et al., 2001) . APX which uses ASC as a reductant in the ®rst step of the ascorbate±glutathione cycle is the most important plant peroxidase in H 2 O 2 detoxi®cation (Foyer and Halliwell, 1976; Noctor and Foyer, 1998) . In addition to APX, guaiacol-dependent peroxidase (POD) is also involved in the scavenging of soluble hydroperoxides in plants (Otter and Polle, 1994) , and its presence has been reported in maize root mitochondria by Sukalovic and Vuletic (2003) . ROS is scavenged also non-enzymatically by hydrophilic antioxidants, such as ascorbate (ASC) and glutathione (GSH), and these antioxidants were detected in bean and tomato roots (Cuypers et al., 2000; Shalata et al., 2001, respectively) .
Various abiotic stresses such as heavy metals (Rucinska et al., 1999) , hypoxia (Biemelt et al., 2000) , chilling (Queiroz et al., 1998) , silicon treatment (Liang et al., 2003) , and salinity (Lee et al., 2001; Khan et al., 2002) were shown to alter the root antioxidant system activity. Several studies have demonstrated that salt-tolerant species increase their antioxidant enzyme activities and antioxidant contents in response to salt stress, while saltsensitive species failed to do so (Lopez et al., 1996; Meneguzzo et al., 1999; Shalata et al., 2001; Jbir et al., 2001) . Using DNA microarray methodology Kawasaki et al. (2001) have identi®ed the salt-induced up-regulation of several antioxidant genes in rice roots. However, in all the above studies organellar antioxidative system(s) were overlooked.
In addition to chloroplasts (Foyer and Noctor 2000) , mitochondria (Mùller, 2001 ) and peroxisomes (Corpas et al., 2001; del Rio et al., 2002) are also considered to be major sites of ROS generation. However, the role of the mitochondrial and peroxisomal antioxidant system in the protection of the root against oxidative stress has hardly been investigated. Evidence is presented here that the wild salt-tolerant species Lpa is capable of up-regulating its root mitochondrial and peroxisomal antioxidant system in response to salt stress, while Lem fails to do so.
Materials and methods

Plant material
Plants of the cultivated tomato Lycopersicon esculentum Mill. cultivar M82 (Lem) and its wild salt-tolerant relative L. pennellii accession Atico (Lpa) were grown in a greenhouse with day/night temperature of 30/20°C and light intensity, at noon, ranging from 700 to 1000 mmol m ±2 s ±1 . The plants were grown hydroponically, six plants per container of 4.0 l of aerated Hoagland's solution. Salt treatment started at the stage of about four true leaves by increasing the NaCl concentration by 25 mM d ±1 to a ®nal concentration of 100 mM.
Organelle isolation
Mitochondria and peroxisomes were isolated from roots of control and salt-stressed plants (14 d after the completion of salt treatment) and puri®ed by differential and sucrose density-gradient centrifugation as described by Mittova et al. (2000) . Intactness of both organelles was determined as described earlier (Mittova et al., 2000) . As in an earlier study (Mittova et al., 2000) , the contamination of mitochondria and peroxisomes by plastids was about 2%, of mitochondria by peroxisomes 10%, and of peroxisomes by mitochondria 4%.
Organelle fractionation
Puri®ed organelles were loaded on Sephadex G-25 columns (1 ml), pre-equilibrated with 20 mM HEPES-KOH buffer (pH 7.2). The void volume of each column was collected by centrifugation (700 g for 5 min; Kubota 2010). This procedure osmotically shocked the organelles as judged by loss of intactness. The recovery of organellar enzymes was estimated by determination of marker enzyme activities before and after the gel ®ltration step. The Sephadex G-25 eluted organellar proteins were resuspended (1:2 v/v) in a medium containing 50 mM HEPES-KOH, (pH 7.2), 1 mM EDTA, 2 mM ASC, and 10% (v/v) glycerol. The preparations were kept on ice for 40 min, vortexed every 10 min, and then centrifuged at 150 000 g for 30 min in a Kontron TBF 80.2 rotor. The distribution of the enzyme activities between the matrix and membrane fractions was estimated after releasing the soluble fraction by osmotic shock. The membrane fraction (150 000 g pellet) was then resuspended in the above buffer with/without 0.2 M KI in order to release peripheral and loosely bound proteins.
Lipid peroxidation
Lipid peroxidation was determined as the amount of malondialdehyde (MDA, e=155 mM ±1 cm ±1 ), a product of lipid peroxidation, according to Draper and Hadley (1990) . MDA content was determined in the pellets (150 000 g for 30 min) after osmotic shock of mitochondria and peroxisomes, in order to minimize reaction of thiobarbituric acid with oxidized products of amino acids, including proline (Gutteridge and Halliwell, 1990 Wolff (1994) . The assay is based on ferrous ion oxidation in the presence of the ferric ion indicator xylenol orange.
Enzyme assays
Total superoxide dismutase (SOD; EC 1.15.1.1.), ascorbate peroxidase (APX; EC 1.11.1.11), monodehydroascorbate reductase (MDHAR; EC 1.6.5.4), dehydroascorbate reductase (DHAR; EC 1.8.5.1), glutathione reductase (GR; EC 1.6.4.2), and catalase (CAT; EC 1.11.1.6) were assayed as described previously (Mittova et al., 2000) . The activities of CuZn-and Fe-SODs were sequentially subtracted from the total SOD activity by using 3 mM KCN or 5 mM H 2 O 2 , respectively (Yu and Rengel, 1999) . Glutathione peroxidase (GPX; EC 1.11.1.9) was determined following Drotar et al. (1985) using H 2 O 2 as a substrate.
Native gel electrophoresis and isozyme staining Mitochondria and peroxisomes were disrupted in medium containing 50 mM HEPES (pH 7.5), 5 mM ascorbate, 2 mM EDTA, 1 mM MgCl 2 , 1 mM MnCl 2 , and 1% (w/v) CHAPSO. The disrupted organelles were kept on ice for 1 h and vortexed every 10 min. Proteins were separated on 10% non-denaturating PAGE (Laemmli, 1970) . APX activity was detected according to Mittler and Zilinkas (1993) and non-speci®c peroxidase (POD) according to Fieldes and Gerhardt (1998) .
Ascorbate and glutathione determination
Reduced and total ascorbate were determined according to Law et al. (1983) . Reduced and total glutathione were determined according to Anderson et al. (1992) .
Results
H 2 O 2 and lipid peroxidation levels
The inherent H 2 O 2 content was the same in root mitochondria of both species, however, under salt treatment it increased (by 90%) in Lem mitochondria and decreased (by 45%) in those of Lpa. Concomitantly, under these conditions, H 2 O 2 content decreased (by 20%) in Lpa peroxisomes and remained at the control level in those of Lem (Fig. 1 ). The inherent lipid peroxidation level of root mitochondria was higher in Lpa ( Fig. 1) . In response to salinity it decreased somewhat in the Lpa mitochondria whereas it increased in those of Lem (by 90%). By contrast, the inherent level of peroxisomal lipid peroxidation was the same in both species, while under salinity it was not affected in Lem and modestly decreased in Lpa peroxisomes.
Activities of antioxidant enzymes SOD and APX activities increased (by 40% and 90%, respectively) in root mitochondria of salt-treated Lpa plants while MDHAR, GPX, and GR activities remained unchanged and that of DHAR even decreased (Fig. 2) . By contrast, in the case of Lem, APX, DHAR, GR, and GPX activities remained at the control level under salt-stress conditions and those of SOD and MDHAR decreased (by 20% and 40%, respectively).
In response to salinity, SOD and APX activities slightly decreased in Lem root peroxisomes, while a more profound decrease (by 40%) was observed in MDHAR and DHAR activities (Fig. 3 ). Catalase activity, however, was not affected by salinity. On the other hand, SOD, APX, MDHAR, and CAT activities increased (by 140%, 140%, 80%, and 170%, respectively) in root peroxisomes of salt-treated Lpa plants. Salt treatment did not affect GR activity in root peroxisomes of either species (Fig. 3) . It should be noted that, in contrast to mitochondria, GPX activity could not be detected in peroxisomes of both species.
Activities of SOD-type, APX and POD isozymes
The activities of the various SOD types were distinguished using KCN and H 2 O 2 as inhibitors (Table 1) . In both species, the mitochondrial SOD activity was comprised only of MnSOD. Peroxisomal SOD activity was comprised mostly of matrix CuZnSOD activity in Lem roots, but of matrix MnSOD in Lpa (Table 1 ). The distribution of SODtype activities between the membrane and soluble fractions of mitochondria and peroxisomes from control and salttreated Lem and Lpa plants are given in Table 1 . In mitochondria of both species MnSOD was found to be mainly soluble and its activity decreased (by 20%) in Lem and increased (by 40%) in Lpa in response to salinity. Matrix CuZnSOD, the only detectable SOD isozyme in Lem peroxisomes, was not affected by salinity while the matrix MnSOD activity, the most abundant Lpa peroxisomal SOD type, increased (by 80%) in response to salinity. Interestingly, FeSOD activity was restricted to Lem leaf peroxisomes and was not detected in those of Lpa (Mittova et al., 2003) .
Two APX isozymes were identi®ed on an activity gel in root mitochondria and peroxisomes of both species (Fig. 4A) . The prominent band, with the highest electrophoretic mobility, was assigned as matrix APX and the lower mobility band was assigned as membranebound (data not shown). Decreased activities of both the matrix and membrane-bound isozymes were observed in mitochondria and peroxisomes of salt-stressed Lem plants. By contrast, the activities of both mitochondrial APX isozymes increased in salt-stressed Lpa plants. In the peroxisomes of this species, only the matrix APX isozyme activity increased (Fig. 4A) . Native gel activity revealed ®ve POD bands in protein preparations of mitochondria isolated from control Lem. In response to salinity, four of these bands were below the detection limit. Unlike in Lem, only two POD activity bands were detected in mitochondria isolated from control Lpa roots. However, the activity of these two PODs increased (Fig. 4B) and an additional two POD activity bands were detected in response to salinity. While POD activity was not detected in Lem peroxisomes, a single band could be observed in Lpa. Since the electrophoretic mobility of this band was similar to that of one of the mitochondrial PODs, the possibility that this band is a mitochondrial contaminant could not be excluded (Fig. 4B ).
Intraorganellar distribution of the ascorbate± glutathione cycle enzymes
The effect of salinity on the distribution of intraorganellar activity, matrix and membrane-bound was studied in both species and is expressed as the speci®c activity (i.e. the abundance of a given enzyme activity relative to the total protein content of that fraction). Most of the mitochondrial APX activity in both species was recovered as soluble.
In response to salinity, the speci®c activities of both matrix and membrane-bound mitochondrial APX increased in Lpa (by 50% and 30%, respectively) while in those of Lem no signi®cant salt effect was observed ( Table 2) . The ®ndings that in Lpa mitochondria both matrix and membrane-bound APX activities increased are in agreement with the data obtained by native PAGE analysis ( Fig. 4) . However, such an agreement was not found in the case of Lem. This can be explained by the fact that enzyme activity, measured by gel staining methods, may not always bear a linear quantitative relationship to the amount of protein loaded. In response to salinity, the mitochondrial matrix MDHAR activity of Lem decreased (by 40%) while that of Lpa was not signi®cantly affected. Salinity also affected the ratio between the matrix to membrane-bound MDHAR activity, decreasing in Lem and increasing in Lpa. The matrix DHAR activity increased (by 40%) in mitochondria of salt-stressed Lem plants and decreased (by 60%) in those of Lpa (Table 2 ). It should be noted that the activities of membrane-bound MDHAR and DHAR isozymes were not affected by salinity in mitochondria of either species.
Both the matrix and membrane-bound APX isozyme activities decreased (by about 25%) in Lem peroxisomes in response to salinity and increased in those of Lpa (by 120% and 20%, respectively) ( Table 3) . Under these conditions, the matrix MDHAR activity decreased (by 20%) in Lem peroxisomes and increased (by 45%) in those of Lpa. The activity of peroxisomal membrane-bound MDHAR was not affected by salinity in either species. The matrix DHAR activity decreased (by 30%) in peroxisomes of salttreated Lem plants and remained at the control level in those of Lpa. The activity of peroxisomal membranebound DHAR was not affected by salinity in either species. In an earlier study (Mittova et al., 2000) , evidence was brought that GR activity was predominantly present in the soluble fraction of root mitochondria and peroxisomes of both species. In the present study it was found that also under salinity, the bulk of GR activity was localized to the soluble fractions of the root mitochondria and peroxisomes of both species (data not shown).
Ascorbate and glutathione contents
In Lem mitochondria the inherent ASC content was higher (by 30%) than that of Lpa, while inherent GSH content was similar (Table 4) . ASC content decreased and that of DHA increased (by 20% and 120%, respectively) in mitochondria of salt-treated Lem plants. By contrast, in those of Lpa, ASC content increased (by 110%) and DHA content decreased (by 40%). As a result, ASC/DHA ratio decreased (by 60%) in Lem and increased (by 200%) in Lpa mitochondria. The salt-dependent decrease in mitochondrial GSH content in Lem resulted in a decrease (by 60%) of the GSH/GSSG ratio, in contrast, GSH content and GSH/GSSG ratio increased (by 50% and 20%, respectively) in mitochondria of salt-stressed Lpa plants
The inherent ASC and GSH contents were comparable in Lem and Lpa peroxisomes (Table 4) . Peroxisomal ASC/ DHA ratio decreased (by 80%) in salt-stressed Lem plants. This was the result of the decrease in ASC content (by 50%) and increase in that of DHA (by 100%). In peroxisomes of salt-treated Lpa plants ASC/DHA ratio increased (by 130%) as a result of decreased (by 50%) DHA content. Salinity did not affect GSH/GSSG ratio in Lem peroxisomes and decreased it (by 20%) in those of Lpa.
Discussion
Mitochondria
This study has revealed that salt-induced oxidative stress indeed occurs in Lem root mitochondria as indicated by their increased levels of H 2 O 2 and lipid peroxidation (Fig. 1) . It has further demonstrated that such oxidative stress was effectively alleviated in Lpa root mitochondria (Fig. 1) . The increased H 2 O 2 content in the case of Lem, probably resulted from a salt-induced increase in the rate of O 2 ± production, considered to be the main precursor of mitochondrial H 2 O 2 (Mùller, 2001 ). However, information about the effect of salinity on ROS production in root mitochondria is lacking. Increased leaf mitochondrial H 2 O 2 content in response to salinity was reported for pea (Herna Ândez et al., 1993; Go Âmez et al., 1999) and tomato (Mittova et al., 2003) . Treatment of pea plants with hexavalent chromium increased the generation of O 2 ± radicals by root mitochondria at the ubiquinone±cyto-chrome b site of complex III (Dixit et al., 2002) . In Lem root mitochondria, similar to the leaf mitochondria (Mittova et al., 2003) , the increased H 2 O 2 content was accompanied by decreased activity of SOD (H 2 O 2 producer) while the activities of enzymes involved in H 2 O 2 detoxi®cation (APX and GPX) remained at the control level or even decreased (POD) (Figs 2, 4) . Since both ASC and GSH contents decreased in mitochondria of saltstressed Lem plants (Table 4) it is suggested that, as in the case of leaf mitochondria of this species (Mittova et al., 2003) , the increased H 2 O 2 content can be attributed to nonenzymatic reduction of superoxide by ASC and GSH. In agreement, decreased MDHAR activity and increased DHA content were observed under these conditions (Table 4 ). The observed alleviation of oxidative stress in Lpa root mitochondria can be attributed to salt-induced increased activities of the mitochondrial SOD and APX. Similarly, salt-induced increased activities of these enzymes were found in leaf Lpa mitochondria (Mittova et al., 2003) . However, the ®nding that, in these root Lpa organelles, the salt-dependent increase in APX activity, both the matrix and membrane-bound isozymes, (Table 2) was higher than that of SOD (Table 1) indicates that under salinity the rate of H 2 O 2 detoxi®cation is higher than that of its production.
. Mitochondrial H 2 O 2 can probably diffuse through the mitochondrial membrane into the cytosol (Boveris, 1984) . This is supported by the recent ®ndings that, in E. coli, membrane permeability to H 2 O 2 is substantial but not unlimited (Seaver and Imlay, 2001) and that H 2 O 2 probably uses water channels to permeate the cell membrane (Henzler and Steudle, 2000) and hence may be subjected to some control. Go Âmez et al. (1999) proposed that such mitochondrial H 2 O 2 leakage is favoured under salt-stress conditions. The salt-induced increase in membrane-bound APX activity ( Fig. 4; Table 2 ) may, therefore, be important for lowering the H 2 O 2 and lipid peroxidation levels observed in Lpa root mitochondria. In addition, the ®nding that salt stress increased the activity of two POD isozymes in these organelles (Fig. 4) indicates that PODs are involved in the control of mitochondrial H 2 O 2 content, as was recently suggested by Sukalovic et al. (2003) for mitochondria of maize roots. In contrast to leaf mitochondria where salt-induced GPX activity was observed (Mittova et al., 2003) , GPX activity was unaffected by salinity in root mitochondria of Lpa (Fig. 2) , suggesting that, in these organelles, APX and POD are the main H 2 O 2 scavengers. Both ASC and GSH contents increased in mitochondria of salt-treated Lpa plants (Table 4) indicating that nonenzymatic scavenging of H 2 O 2 also contribute to the saltinduced decrease in H 2 O 2 content. Interestingly, the increased levels of these antioxidants were not accompanied by increased activities of MDHAR, DHAR, and GR, enzymes that are involved in their regeneration ( Fig. 2 ; Table 4 ). The increased content of these antioxidants can therefore be explained by either increased biosynthesis and/or import into the mitochondria. The last step of ASC biosynthesis occurs in mitochondria and is catalysed by g-galactonolactone dehydrogenase (GLDH) (Bartoli et al., 2000) . Therefore, the possibility that, in Lpa root mitochondria, GLDH activity is up-regulated by salinity awaits further clari®cation.
Peroxisomes
This study has thrown some light on the, as yet, little explored ®eld of root peroxisomal ROS metabolism. In both tomato species, SOD and the enzymes of the ascorbate±glutathione cycle were localized to the matrix of the root peroxisomes. This emerges from the ®nding that activities of these enzymes were released into the medium by hypotonic shock and that KI treatment failed to release enzyme activity further (Table 3) . These results are in contrast to the situation with other leaf and root organelles where membrane-bound isoezyme activities have been reported (Jime Ânez et al., 1997; Mittova et al. 2002a Mittova et al. , b, 2003 . Based on the results of the present study, it is therefore likely that metabolic processes responsible for ROS production in the peroxisomes are localized in their matrix. However, as far as the authors are aware, there is no information about the mechanism of ROS production in root peroxisomes.
The activity of SOD decreased and the activities of H 2 O 2 detoxifying enzymes (APX and CAT) decreased and remained unchanged (Table 3 and Fig. 3 , respectively) in root peroxisomes of salt-stressed Lem plants (Fig. 1) . In agreement, in these organelles H 2 O 2 content did not change. Similar responses to salinity were exhibited by Lem leaf peroxisomes (Mittova et al., 2003) , although in these organelles lipid peroxidation increased, whereas in the root peroxisomes it remained unchanged. By contrast to Lem, decreased H 2 O 2 and lipid peroxidation levels were found in peroxisomes of salttreated Lpa plants (Fig. 1) . These responses to salinity were, at least partially, the result of differential increased activities of APX and CAT over that of SOD (Fig. 3) . Such a differential increase in the activities of APX and CAT was recently reported by Mittova et al. (2003) in leaf peroxisomes of salt-treated Lpa plants.
It is possible that the decreased MDHAR activity in peroxisomes of salt-stressed Lem plants (Fig. 3) is responsible for the lower capacity of these organelles to regenerate ASC under these conditions, as re¯ected by their increased DHA content (Table 4) . By contrast, MDHAR activity increased in peroxisomes of salt-treated Lpa plants (Fig. 3) concomitant with the decreased DHA content. Similarly, increased MDHAR activity was found in leaf peroxisomes of salt-treated Lpa plants while in those of Lem it slightly decreased (Mittova et al., 2003) . Interestingly, the activities of matrix DHAR and membrane-bound MDHAR in these peroxisomes were not affected by salinity, while that of the matrix MDHAR increased (Table 3) . Taken together, these results suggest that regeneration of ASC in peroxisomes of salt-treated Lpa plants occurs in the matrix via MDHAR activity.
Different SOD types were detected in the root peroxisomes of the two species: in Lem, SOD activity was comprised of matrix CuZnSOD (mainly the matrix isozyme) while that of Lpa was comprised of both MnSOD (mainly the matrix isozyme) and CuZnSOD (exclusively the membrane-bound isozyme) ( Table 1 ). It is suggested that the matrix SOD functions as the main detoxi®er of O 2 ± produced by xanthine oxidase activity (Sandalio and del Rio, 1988) , while the membrane-bound SOD scavenges O 2 ± generated by the membranal NAD(P)H-dependent O 2 ± production site described by Lopez-Huertas et al. (1999) . The ®nding that matrix MnSOD activity increased in root peroxisomes of salttreated Lpa plants, suggests that under salinity the matrix production of O 2 ± exceeds that of the membrane. By contrast with CuZnSOD, MnSOD is insensitive to inhibition by H 2 O 2 (Kanematsu and Asada, 1994; Scandalios, 1997) . It is possible that the inherent MnSOD activity observed only in Lpa peroxisomes enables these organelles to cope better with a high H 2 O 2 content (Fig. 1) . Under salinity, however, excessisive H 2 O 2 produced by the matrix MnSOD is ef®ciently scavenged by the matrix APX and CAT, as these activities were differentially increased in these organelles ( Fig. 3; Table 3 ).
Recently, there has been some evidence for salt-induced increased activities of key Lpa's antioxidative enzymes including SOD, APX, and MDHAR in leaf and root chloroplasts/plastids (Mittova et al., 2002a, b) and leaf and root mitochondria and peroxisomes (Mittova et al., 2003, and this work, respectively) . This was correlated with decreased levels of the oxidative stress indicators such as H 2 O 2 and lipid peroxidation in these organelles. By contrast, salt-induced increased activity of theses enzymes was not observed in Lem, and as a result oxidative stress was imposed as judged by the increased contents of H 2 O 2 and lipid peroxidation in its organelles. This differential response of the organellar antioxidative systems of the two tomato species to salt stress may suggest that the corresponding orthologue antioxidative genes of Lem are not up-regulated by salinity. To address this hypothesis, the cloning of several Lpa and Lem orthologues of the apx gene family has currently been initiated.
